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Abstract 
Vegetative hyphae of Fusarium oxysporum differentiate into chlamydospore by triggering with carbon-starvation. The occurrent 
changes in the cellular detoxifying defenses against superoxide and hydrogen peroxide: superoxide dismutase (SOD) and catalase, were 
examined. Although there was a little change in catalase, adramatic hange in SOD was observed uring the differentiation. In vegetative 
hyphae of F. oxysporum f. sp. raphani, three isozymes of SOD, all of which were not inhibited by hydrogen peroxide and cyanide, were 
present whereas in chlamydospore an isoenzyme, which was inhibited by hydrogen peroxide but not by cyanide, was present. Thus, as 
differentiation proceeded, Mn-type SOD disappeared and an Fe-type SOD appeared. The results suggest hat the Fe-type SOD is 
specifically expressed uring chlamydospore formation and that active intermediates of oxygen and/or its scavenging enzymes 
participate in the differentiation of Fusarium oxysporum. 
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1. Introduction 
Organisms have evoked mechanisms for allowing them 
to cope with a variety of stresses including the presence of 
oxidants in their environment, nutrient limitation, and 
damage caused by toxic chemicals or physical agents. 
When exposed to these srxesses, prokaryotic and eukary- 
otic cells respond rapidly and adapt heir metabolism to the 
altered environmental conditions. Analysis of stress re- 
sponses has revealed a network of interlocking regulatory 
systems [1-3]. Each regulatory system controls the expres- 
sion of a group of operons. An important feature is that 
some genes are induced by more than one stress [4]. 
Fusarium causes cortical rots, head blights, leaf spots, 
root rots, fruit rots, cankers, diebacks, and vascular wilt 
diseases on plants. In most studies absence or low level of 
organic carbon sources appears to be a prerequisite for 
chlamydospore formation from macroconidia of Fusarium 
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[5]. Upon starvation, more than 30 proteins are induced in 
cells, including katF-encoded, several oxidative stress, and 
heat shock proteins [4]. The intracellular signal common to 
all conditions that lead to the starvation responses has not 
yet been identified, although various starvation-induced 
genes have been described. Due to resistance to environ- 
mental stresses chlamydospores can survive in agricultural 
soils and play important role in infecting plants in soil 
[5,6]. Since free radical-induced alterations in the cellular 
distribution of reducing equivalents and ions have been 
postulated to play a role in differentiation [7,8], we exam- 
ined the role of antioxidant enzymes in the change of 
conidia or hyphae of Fusarium oxysporum into chlamy- 
dospore, which is induced by unfavorable conditions of 
growth, mainly carbon-starvation. The present study shows 
a dramatic hange in SOD upon exposure of Fusarium to 
carbon-starvation. On the basis of the observations that the 
synthesis of a Fe-type SOD localized in chlamydospores 
was induced concurrently with the formation of chlamy- 
dospores, we suggest he possibility that active intermedi- 
ates of oxygen and/or SOD play a significant role in the 
starvation-induced chlamydospore formation. 
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2. Materials and methods 
2.1. Chemicals 
Except where noted, all chemicals used in this study 
were obtained from Sigma Chemical (St. Louis, MO) and 
were of highest purity. 
2.2. Strains and growth conditions 
Fusarium oxysporum (Schl.) f. sp. raphani Kend. et 
Snyd. used in this study was isolated from diseased radish. 
The conidia or bud cells of the fungus were obtained by 
culture in 30 ml of the Czapek medium in 100 ml Erlen- 
meyer flasks at 25 ° C with shaking at 120 rpm for 4 days. 
The chlamydospore was not formed even after long culture 
in the Czapek medium. Two ml of culture medium con- 
taining conidia or bud cells at 10 7 cells/ml was inoculated 
into 100 ml of fresh Czapek medium and incubated at 
25°C with shaking at 66 rpm for 4 days. Under these 
culture conditions, the cells were in mycelial form. The 
mycelial cells were obtained by centrifugation at 4 ° C. 
After dispersing them with a Waring blender and washing 
twice with sterilized istilled water, the mycelial cells were 
resuspended in the BM medium (KC1 43 mg, CaClz • H20 
92 mg, Na2HPO4.12H20 179 mg, MgSO4.7H20 123 
mg, FeSO 4 • 7H20 10 mg, MnC12 - 4H20 1 mg, CuSO 4 • 
5H20 1 mg, ZnSO4.5H20 1 mg, NH4C1 107 mg per 
liter, pH adjusted to 7 with 2M HC1) for the differentiation 
into chlamydospores. The cultures were carried out stati- 
cally in 300 ml flask with 90 ml of medium at 25 ° C. 
Anaerobic cultures were carried out similarly in tightly 
stoppered bottles (300 ml) filled up to the neck with 360 
ml of the BM medium after inoculated with mycelial cells 
and with continuous bubbling of nitrogen gas into the 
medium through a 0.30 /zm filter. The number of chlamy- 
dospores including maturating ones was counted with a 
Thoma hemocytometer using a phase-contrast microscope, 
after dispersion using a Kaijo Denki ultrasonifer model 
T-A-4201 for 30 s operated at an output of 300 W. 
2.3. Preparation of cell-free extracts 
The cells were collected by centrifugation followed by 
washing twice with distilled water and once with 50 mM 
potassium phosphate at pH 7.0. Frozen cells were grounded 
in a cold mortar with aluminium oxide. The cell debris was 
removed by centrifugation and the extract was dialyzed for 
17 h against 50 mM phosphate-0.1 mM EDTA (pH 7.8) at 
4°C. 
2.4. Assays for enzymatic activity and protein 
SOD was assayed based on its ability to inhibit the 
oxidation of hydroxylamine to nitrite [9] by superoxide 
generated by illuminated riboflavin with a white light [10]. 
The reaction mixture containing 50 mM potassium phos- 
phate (pH 7.8), 0.1 mM EDTA, 5 mM hydroxylamine, 25 
/zM riboflavin, and cell-free extracts in a final volume of 
0.5 ml was illuminated with a white light for 10 min. A 
linear increase of nitrite was observed uring reasonable 
time and the formation rate was saturated at 5 mM hy- 
droxylamine. Nitrite was determined colorimetrically by 
the diazo-coupling procedure as described by Elstner and 
Heupel [9]. One unit of SOD activity was defined as the 
amount of the enzyme required to inhibit nitrite formation 
by 50%. Catalase was assayed by the method of Beers and 
Sizer [11] with a slight modification [12]. Polyacrylamide 
gel electrophoresis was performed according to Davis [13] 
and the gels were stained for the activities of SOD and 
catalase according to the procedures described in [14,15]. 
Identification and quantification of enzyme on polyacryl- 
amide gel electrophoregram by activity staining are widely 
used. The densitometric determinations of SOD and cata- 
lase have been shown to be a quantitative and reproducible 
method. [16-20]. The isozymes of SOD and catalase were 
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Fig. 1. Changes in formation of chlamydospores and in dry weights of F. oxysporum f. sp. raphani cultured in water, BM medium, and BM supplemented 
with glucose, and effect of anaerobiosis. 
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quantified by densitometric s anning and measuring areas 
with NIH Image on a Macintosh. Under our experimental 
conditions, eight different concentrations of standard 
bovine SOD (range between 10 -l° and 10 -8 M of the 
enzyme) were subjected to electrophoresis to verify that 
the integrated scanning curve of the unstained portions of 
the gel proved linearly proportional to the logarithm of the 
SOD concentration. Protein was measured by the method 
of Bradford [21]. 
Typical results were reported from three independent 
experiments and all values were presented as an average of 
three independent determinations with SE < 10%. 
3. Results and discussion 
3.1. Effect of  starvation (salts medium) on sporulation 
As shown in Fig. 1, the mycelial cells which were 
incubated in the Czapek medium with gentle shaking at 66 
rpm for 4 days exhibited progressive differentiation i to 
mature chlamydospores when transfered to water or the 
non-nutrient salt medium (BM medium). The formation 
rate of the chlamydospore was higher in the BM medium 
than in water. In the BM medium the chlamydospores 
began to form after 3 days and their number eached to the 
stationary state after 9-12 days. After 30 days culture in 
the BM medium only well-matured chlamydospores were 
present when examined microscopically. Supplementation 
of the medium with glucose caused elongation of mycelial 
cells and the rate of chlamydospore differentiation was 
extremely slow; the formation of chlamydospore was ob- 
served after 9 and 25 days in the BM media supplemented 
with 0.1% and 1% glucose, respectively. The supplementa- 
tion with another carbon source, 2% ethanol, showed the 
same result as that with 1% glucose (data not shown). Well 
formed chlamydospores were not observed under anaero- 
bic conditions (Fig. 1), corresponding to the fact that 
oxygen is essential for the formation of spores in Bacillus 
sp. [22] and that bubbling of carbon dioxide and nitrogen 
through the culture medium causes incomplete inhibition 
of chlamydospore formation in F. oxysporum [6]. 
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Fig. 2. Changes in superoxide dismutase and catalase during differentia- 
tion of F. oxysporum f. sp. raphani into chlamydospores and effects of 
glucose suplementation a d anaerobiosis. Isozymes of SOD were sepa- 
rated by electrophoresis and visualized on the gels. Isozymes were 
quantified as described in Materials and Methods. 
3.2. Catalase 
The growth in the BM-glucose or the Czapek medium 
and the formation of chlamydospore in the BM medium 
were not inhibited by 10 mM H202; the inhibitory effect 
by 20 mM H202 was still small suggesting that F. oxyspo- 
rum has effective H202 scavenging systems. F. oxyspo- 
rum contained high concentraton of catalase with specific 
activity of 81 units/mg protein (Fig. 2). Total activity of 
catalase in differentiating F. oxysporum cells both in the 
BM and the BM-glucose media was almost constant (Fig. 
2). Two isozymes of catalase were observed in mycelial 
cells and chlamydospores (Fig. 3). The activities of both 
isozymes were completely inhibited by 1 mM cyanide, 
azide or hydroxylamine indicating that both isozymes are 
heme-containing catalases. As shown in Fig. 3, the activity 
of isozyme II decreased uring differentiation but it did 
not disappear; isozyme II was still present in 39% of total 
activity in chlamydospores. Total catalase activity de- 
creased gradually during anaerobic ulture in BM medium 
and the activity in 12-day culture was 80% of the activity 
of 0-day culture (Fig. 2). These results are different from 
the observation that an increase in catalase activity occurs 
at the time of appearance of spores in Bacillus larvae and 
Bacillus subtilis [23]. Therefore, it is interesting to exam- 
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Fig. 3. Densitometric s an tracings of polyacrylamide g ls stained for 
catalase activity. Cell-free xtracts from 0-, 6- and 30-day cultures, after 
transfer of mycelial cells into BM medium, were applied to 7.5% 
polyacrylamide g ls. 
ine other H202 scavenging systems in F. oxysporum in 
details; further investigation which is focused on peroxi- 
dases is in progress. 
3.3, Superoxide dismutase 
Four isozymes of SOD were present in the fungus, three 
of which were present in mycelial cells and the remainder 
was in chlamydospores (Fig. 4). There are three different 
isozymes of SOD distinguishable by their cyanide and 
H20 2 sensitivities: cyanide inhibits Cu,Zn-SOD but not 
Mn- and Fe-SODs whereas H20 2 inhibits Cu,Zn- and 
Fe-SODs but not Mn-SOD [24]. Fig. 5 shows the effects of 
cyanide and H20 2 on isozymes of SOD in the cell-free 
extracts from 2-day culture in the BM medium. The in- 
hibitory effect of cyanide at 2 mM on total enzymatic 
activity and on isozymes was not seen. But the treatment 
with H20 2 at 20 mM caused inhibition of only isozyme 4 
suggesting that isozymes 1, 2 and 3 are Mn-type SOD, 
isozyme 4 is Fe-type SOD, and that Cu,Zn-SOD is absent 
in the fungus F. oxysporum f. sp. raphani. Rapp et al. [25] 
purified SOD from the mycelium of F. oxysporum f. sp. 
lycopersici and found it to be a Cu,Zn-SOD. In cell-free 
extracts from mycelia of F. oxysporum f. sp. lycopersici, 
grown under the same conditions as F. oxysporum f. sp. 
raphani, three isozymes of SOD were found. Three differ- 
ent bands on gel did not disappear and these enzymatic 
activities were not affected by cyanide. When F. oxyspo- 
rum f. sp. lycopersici was grown with vigorous aeration as 
described by Rapp et al. [25] bud cells, not mycelia, were 
formed. The cell-free extracts were prepared from such 
bud cells, and then the enzymatic activity was assayed. 
The activity of SOD in cell-free extracts from bud cells 
was inhibited by cyanide by 21% suggesting that the 
expression of Cu,Zn-SOD as well as that of the phenotype 
of bud cells is strongly dependent on high concentration of
oxygen. 
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Fig. 4. Polyacrylamide el ctrophoregrams (A) and densitometric tracing (B) of gels stained for superoxide ismutase activity. Cell-free xtracts from 0-, 3-, 
6-, 12- and 30-day cultures, after transfer of mycelial cells into BM medium, were applied on 12.5% polyacrylaminde gels. 
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Fig. 5. Polyacrylamide lectrophoregrams of soluble cell-free extracts 
from 2-day culture grown in BM medium and stained for superoxide 
dismutase activity. Gel A: cell-free extracts with no treatment. Gel B: 2 
mM KCN was present during development of activity staining. Gel C: 
Cell-free extracts were treated with 20 mM H202 for 1 h at pH 7.8 
before electrophoresis. 
dramatically during development in a variety of organisms 
covering diverse phylogenetic groups such as acellular 
slime molds [7], insects [26], amphibians [27], and mam- 
mals [28]. Additionally, dedifferentiated tumor cells ex- 
hibit lower SOD activity than healthy ones from the same 
tissue [29]. A novel 66 kDa heat shock protein associates 
with the process of cyst formation in a slime mold 
Physarum polycephalum [30]. It is reported that increased 
Mn-SOD activity acts as a physiological stimulus for 
differentiation i to spherules in the slime mold Physarum 
[31]. We report here first time that a cyanide-insensitive 
and H202-sensitive Fe-type SOD is specifically concomi- 
tantly expressed uring differentiation of hypae/bud cell 
into chlamydospore and suggest hat active intermediates 
of oxygen and/or those detoxifying enzymes participate in
the differentiation of Fusarium oxysporum f. sp. raphani 
upon response to starvation. High SOD activity in chlamy- 
dospores could play a role not only in survival in environ- 
ment but also in infecting plants. The purification and 
characterization f Fe-type SOD from chlamydospores are 
in progress. Our purpose of this study is to clarify the 
mechanism and control of gene expression of Fe-SOD 
triggered by carbon starvation and oxygen. 
Total SOD activity increased 12-, 6- and 2-fold during 
the course (12 days) of induced differentiation i the BM 
medium without glucose and the BM supplemented with 
0.1% and 1% glucose, re~pectively. Under aerobic culture 
in the BM medium total SOD activity was increased 3.7-, 
5.8- and l l.9-fold after 3, 6 and 12 days, respectively. 
Total SOD activity decreased by 73% after 12 days of 
anaerobic ulture in the BM medium. Fig. 2 shows the 
change in activities of SOD isozymes during differentia- 
tion of F. oxysporum. After 3 days of transfer to the salts 
medium (BM) isozyme 1 disappeared. The activities of 
isozymes 2 and 3 increased slightly up to 3 and 6 days of 
cultures, respectively, and then gradually decreased. Fol- 
lowing the supplementation f the culture medium with 
glucose isozymes 1, 2 and 3 disappeared. Isozyme 4 
increased at extremely :slow rate. Isozyme 4 was not 
detected in the culture grown in the Czapek and the BM 
media under anaerobic onditions. Isozyme 4, but not 
isozymes 1, 2 and 3, was; observed in 30-day-old culture, 
which possessed only chlamydospores when observed un- 
der microscope. The molecular weight of the Fe-type SOD 
was determined electrophoretically with a linear gradient 
polyacrylamide gel (data not shown). Using SODs (Mn-, 
Fe-, and hybrid-enzymes) of Escherichia coli as standards, 
the molecular weight of the Fe-type SOD was estimated to 
be 38 600 which is larger than reported for one of Cu,Zn- 
SODs. A comparison of Figs. 1 and 2 reveals that the rate 
of increase in Fe-type SOD activity roughly corresponds to
that of maturation i to chlamydospores. 
The hypothesis that free radicals play a role in differen- 
tiation is supported by the observations that SOD increases 
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